Photonic time-stretch overcomes the speed limitation of conventional digitizers, and enables the observation of non-repetitive and statistically rare phenomena that occur on short timescales. In most of the time-stretch applications, large temporal dispersion is highly desired to satisfy the far-field diffraction regime. However, most conventional spatial disperser or chirped fiber Bragg grating are constrained by its spatial volume, which can be overcome by the ultra-low-loss dispersive fiber, as an ideal medium for large temporal dispersion (β2), while it suffers from the third-order dispersion (β3) and aberrations. In this paper, an optical phase conjugation based third-order dispersion compensation scheme is introduced, with accumulated β2 and eliminated β3, and achieved ±3400-ps 2 pure temporal dispersion of over 30-nm bandwidth. Leveraging this pure 2 temporal dispersion, up to 2% temporal aberrations have been eliminated; furthermore, a Fourier domain spectroscopy has achieved a record 15000 optical effective resolvable points, with non-degraded 2-pm resolution over 30-nm range.
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Temporal resolution of the optical measurement technologies has developed by leaps and bounds, no matter the spatial array detector with 500-ns resolution and over a thousand pixels [1] , or the temporal single-pixel detector with ultrafast 10-ps resolution [2] . Especially the latter single-pixel detector, united with the dispersive time-stretch which stretches the spectral information along the time axis, catches the researchers' attentions, due to its superior overall data volume [3, 4] . This time-stretch based spectroscopy has been applied in a variety of applications and unveiling fascinating ultrafast phenomena, including femtosecond digitizer [5, 6] , discovery of optical rogue wave [7] , ultrafast microscopy [8, 9] , soliton explosions and molecules [10, 11] , stimulated Raman spectroscopy [12, 13] , and mode-locking process [14, 15] . All these applications promote the grade of the ultrafast real-time measurements with exceeding bandwidth, accuracy, and record length, and enable the observation of ultrafast non-repetitive and statistically rare signals [3] . Besides the dispersive time-stretch, the other essential part of the temporal optics is the time-lens, which further enhances the manipulation between the frequency and time domains [16, 17, 18] . Consequently, a number of temporal imaging systems have been developed, including temporal magnification and compression [19, 20] , temporal Fourier transformation [21, 22] , temporal filtering [23] , temporal convolution [24, 25] , and temporal cloaking [26, 27] . Ideally, aforementioned ultrafast time-stretch applications can perform the designed characteristics; however, owing to third-order dispersion of the dispersive fiber, it will introduce nonlinearity to frequency-to-time mapping, or higher-order phase terms in the time-lens [28] . Therefore, this third-order dispersion will also introduce aberrations to the temporal systems. Take the temporal magnification for example, its time-bandwidth product (TBWP), which is the ratio between the recording length and the temporal resolution, has not exceed 450, due to the existence of third-order dispersion [21] . To overcome its constraints to the resolution and bandwidth, direct studies of the optical temporal dispersion are highly desired.
Temporal dispersion, also known as group velocity dispersion (GVD), optically separates different wavelength along the time axis, and enables the instantaneous frequency-to-time mapping and single-shot measurement [3] . Its implementation starts from the spatial disperser, e.g. prism or diffraction grating pairs, by introducing gradually changed delay along the dispersed spatial direction, though the third-order dispersion exists, it has been widely applied in the femtosecond pulse compression [29] . However, the spatial dispersers have small dispersion or bandwidth, due to limited spatial volume, and it is not enough for the far-field (Fraunhofer) diffraction regime to perform the frequency-to-time mapping [18] . Leveraging the multiple reflections between angle-misaligned mirrors to enlarge the spatial volume, known as the free-space angular-chirp-enhanced delay (FACED), the temporal dispersion can be as large as 1 ns/nm, and successfully applied to the ultrafast time-stretch microscopy [30] . Besides the spatial disperser, the optical fiber, with reduced degree of freedom and ultra-low-loss (e.g. 0.14 dB/km), becomes an ideal component to achieve large temporal dispersion [31] . With the rapid development of the optical fiber communication, different types of fiber have been developed with versatile functions, such as the G.652 signal-mode fiber (SMF) with dispersion of -22.7 ps 2 /km (or GVD of 17.8 ps/nm/km), the dispersion compensation fiber (DCF) with dispersion of 146.6 ps 2 /km (or GVD of -115 ps/nm/km), and the dispersion-shifted fiber (DSF) with almost zero dispersion (all at 1550-nm wavelength range) [32] . Among them, due to the larger dispersion-to-loss ratio, DCF is the most commonly used temporal dispersion medium in the time-stretch applications [3, 8] . However, the existence of the third-order dispersion coefficient (e.g. 0.113 ps 3 /km in the SMF, -0.84 ps 3 /km in the DCF) is easily overlooked, and it results in the nonlinearity of the frequency-to-time mapping process, as shown in Figs. 1(a) and 1(b).
Although some specially designed fibers or photonic crystal fibers have been simulated to achieve large dispersion and minimum third-order dispersion, they are not commercially available due to the complex design and fabrication process [33, 34] .
To eliminate the third-order dispersion of optical fiber, an alternative solution is the chirped fiber Bragg grating (CFBG), with Bragg reflectors distributed along the fiber direction, and it can achieve pure temporal dispersion [35] . It is noted that the round-trip delay time of the CFBG is actually the maximum dispersive delay, which limits the product of dispersion and bandwidth.
Due to the limited phase mask size, the typical length of conventional CFBG is ~1-3 cm, and over 2-m length CFBG has been reported based on high-precision translation stage, with -2.7-ns/nm dispersion and 10-nm bandwidth [36] . However, due to the imperfections in the fabrication process, the CFBG gives rise to group-delay ripple, which creates unwanted satellite pulses and intensity fluctuations, and it is harmful to the time-stretch applications [37] . In view of these constrains, another potential scheme to implement the pure temporal dispersion is to compensate the third-order dispersion between two components. Take the SMF and DCF for example, their third-order dispersion coefficients are opposite, and can be totally eliminated by precisely matching fiber length. However, it is noted that the overall temporal dispersion of the SMF and DCF is also compensated by and large, and results in poor dispersion-to-loss ratio [32] .
OPC process, which only reverses the sign of β2, thus the β2 is accumulated while the β3 is eliminated, as shown in Fig. 1(d) . If they are direct-cascaded, their opposite β2 and β3 coefficients will be eliminated. This OPC scheme enables the implementation of pure temporal dispersion with large dispersive temporal delay.
In this paper, this pure temporal dispersion was implemented through the four-wave mixing (FWM) based OPC, with 80-km SMF and 10.8-km DCF, and it achieved the overall temporal dispersion of ±3400 ps 2 (~ 2.67 ns/nm) over 30-nm bandwidth (from 1527 nm to 1557 nm, or 1565 nm to 1595 nm). Meanwhile, the third-order dispersion was compensated from -19.524 ps 3 (equivalent DCF) to -0.012 ps 3 , which is three orders of magnitude improvement, thus it can be treated as the pure temporal dispersion. Moreover, this scheme can easily switch between the normal dispersion and anomalous dispersion, by swapping the positions of the DCF and SMF.
To investigate the third-order dispersion introduced temporal aberrations, this pure temporal dispersion, as a comparison to the conventional DCF, has been applied in a variety of ultrafast time-stretch systems. In the linear domain dispersive Fourier transform (DFT) and time-stretch microscopy, the third-order dispersion introduced 2% nonlinearity was almost compensated, which resulted in finer spectral accuracy, and aberration free imaging [8, 12] . While in the Fourier domain, e.g. the swept-source optical coherence tomography (SS-OCT) and the parametric spectral temporal analyzer (PASTA) [22, 42] , the third-order dispersion introduced severe spectral broadening was also compressed, thus much larger roll-off depth or spectral observation bandwidth has been demonstrated with finer resolution, and a record effective resolvable points (ERP) of 15000 has been achieved in the PASTA system. We believe that this pure temporal dispersion will promote more time-stretch applications, where high frame rate and high accuracy is required.
Results
The nonlinearity of the frequency-to-time mapping ratio ( Fig. 1(b) ) of the dispersive time-stretch is primarily due to the higher-order dispersion, which can be directly characterized from the corresponding pulse delay. Here, the equally spaced (40 GHz over 25-nm bandwidth) frequency components were generated from a wideband pulse source passing through a programmed wavesharper, and the detailed measurement setup is introduced in the supplementary (Section I).
Firstly, 23.1-km DCF (OFS, DCM(A)-C-G652) was tested with time-stretched output shown in Fig. 2(a) , and its peak positions were reconstructed as the temporal delay of each frequency components (red curve in Fig. 2(d) ), whose average slope manifests the second-order dispersion.
By removing the linear temporal delay of this second-order dispersion, the residual temporal delay manifests the third-order dispersion, shown as the red parabolic curve in Fig. 2 (e). It is noticed that, 1-ns temporal delay of the third-order dispersion introduces 2% nonlinearity for 50-ns overall temporal window. To compensate the third-order dispersion, this 23.1-km DCF was replaced by the OPC scheme with 80-km SMF in the front and 10.8-km DCF afterwards.
The results are shown as the blue curves in Figs. 2(b), (d), and (e), especially in Fig. 2 (e), the residual temporal delay was compressed to almost zero. In other words, the third-order dispersion is compensated. As a comparison, this OPC scheme was performed in the opposite way by simply switching these two fibers, and output was shown as the black curve in Fig. 2(c) .
Its temporal delay curve in Fig. 2 (d) was fully reversed with the opposite slope and dispersion value, while the residual temporal delay in Fig. 2 (e) was still zero.
Directly apply this pure temporal dispersion in the time-stretch microscopy application, where the original aberrations may come from the third-order dispersion, as illustrated in Fig. 1(c) [8] .
According to the aforementioned discussion, the nonlinearity introduced by the third-order dispersion of DCF is around 2%, and this misalignment can be viewed as aberration in the time-stretch microscopy, though it is easily overlooked from the real images, which are introduced in the supplementary (Section II). To calibrate this aberration, digitally re-sampling the output time axis is the most straightforward and economical way, while the OPC scheme introduced in this paper provides an alternative optical solution.
Although 2% nonlinearity is negligible in the stretched time domain, it is not the case for its frequency domain counterpart. Here, a Michelson interferometer was introduced to analyze its temporal interference pattern, similar to the SS-OCT system [43] . When the path length difference was gradually scanning, the interference frequency, which is the Fourier transform of the interference pattern, was also scanning accordingly. The intensity response of this frequency scanning process is also called the roll-off curve, e.g. Fig. 3 , whose slope reflects the coherence of the swept-source. However, if there are third-order dispersion exists during the time-stretch process, the roll-off frequency will be broadened as the frequency increases, as shown in Fig.   3 (a). This broadening is common in the SS-OCT system, and would greatly degrade the imaging performance [42, 44] . Therefore, a digital calibration process is usually introduced to compensate the nonlinearity of the swept-source, and the calibrated roll-off curve is shown in Fig. 3 ) and (c), the OPC scheme achieved 10-dB SNR improvement over the digital calibration, which is probably due to the information loss during the re-sampling of the calibration process. Therefore, this OPC scheme may also result in better imaging sensitivity for the SS-OCT system. Some SS-OCT images are analyzed in the supplementary (Section IV).
To further exaggerate the third-order dispersion introduced aberrations, a temporal focusing spectroscopy, called PASTA, was introduced to perform the ultrafast optical Fourier transform at the temporal focal plane [22, 45] . Compared with the aforementioned interferometer, which obtains the interference pattern and performs the digital Fourier transformation, the PASTA system directly obtains the Fourier domain pulses, thus no linear domain pattern available for the digital calibration (detailed setup is introduced in the supplementary Section V) [45] . In pervious works [46, 47] , the resolution (resolvable spectral width) of the PASTA system is found to be degraded, as it is away from the central wavelength, owning to the third-order dispersion in the output dispersion (quantitative analysis see supplementary Section VI). Therefore, its wavelength observation bandwidth is usually constrained within 5 nm to 10 nm, as shown in Fig Compared with the direct time-stretch based amplified DFT technology [12] , which performed as the ultrafast absorption spectroscopy, the temporal focusing based PASTA is advantageous in terms of the observation condition, from the arbitrary noise spectrum, continuous wave (CW) source, to high repetition rate (e.g. > 1 GHz) pulse source [48] . However, previous efforts are mainly limited by its observation bandwidth, which is intrinsic due to the third-order dispersion induced spectral broadening effect. Leveraging this pure temporal dispersion, the spectral broadening effect of the PASTA system was almost removed, and enlarged the observation bandwidth to 30 nm (limited by amplification bandwidth). Deliberate selected signal sources, including the programmed amplified spontaneous emission (ASE) noise, two CW components spaced by 0.05 nm, and 10-GHz pulse source, were successfully resolved by the PASTA with 20-MHz frame rate, which is 4,000,000 times faster than that of the reference optical spectrum analyzer (OSA), as shown in Fig. 5 . This ultrafast frame rate for arbitrary signal waveform, in combination with the improved larger bandwidth and finer resolution, provides superior capability for the ultrafast spectroscopy, and it is promising for the spectral dynamic observation of the optical frequency comb from the micro cavity, as well as the ultrafast soliton dynamics [49, 50] .
Conclusion
The concept of time-stretch provides a powerful scientific tool for unveiling ultrafast dynamics, due to the instantaneous frequency-to-time mapping process [3] . Besides its superior frame rate, fine resolution is also achieved in the Fraunhofer regime, with large temporal dispersion [18] .
However, due to the existence of the third-order dispersion, the frequency-to-time mapping curve becomes nonlinear, which contributes for the aberrations of the time-stretch applications.
Minimum misalignment is firstly observed in the stretched time domain, and it would slightly affect the frequency accuracy rather than its resolution. As it goes to the Fourier domain, the aberrations will be greatly enlarged, with much broadened spectral width and degraded roll-off curve. Moreover, in the time-lens imaging system, such as temporal magnification and temporal focusing [19, 22] , this nonlinear aberration would constrain its working bandwidth, due to the spectral broadening effect. Therefore, compensate the third-order dispersion would be of great importance for the ultrafast time-stretch applications.
Matching different types of fibers and lengths is the most straightforward way to compensate dispersive parameters, such as SMF and DCF for β2 = 0, DCF and LEAF for β3 = 0 [32, 38] . To achieve β2 = 0, due to the large normal dispersion of DCF, short DCF is capable of compensating long SMF [32] . While in terms of β3 = 0, the DCF and LEAF scheme is not 'fiber efficient', and much longer LEAF is required to compensate a short DCF, due to the small β3 coefficient of LEAF [38] . In other words, without deliberate engineered fiber, this fiber-matching scheme is only suitable for short fiber situation; otherwise large insertion loss will be introduced. As the dispersive fiber length gets longer, in most of the time-stretch applications with Fraunhofer approximation, the OPC scheme will become favorable. It leverages the most conventional DCF and SMF, accumulates their second-order dispersion and subtracts their third-order dispersion, and provides a versatile and efficient dispersion compensation solution.
In this paper, as large as 3400-ps 2 pure temporal dispersion has been demonstrated with approaching zero third-order dispersion (~0.012 ps 3 ) over 30-nm bandwidth (from 1527 nm to 1557 nm, or 1565 nm to 1595 nm), based on the OPC scheme. Aforementioned aberrations were thus successfully compensated based on this pure temporal dispersion, from the tiny aberrations in the linear time domain, to the large aberrations in the frequency domain after the interferometer or the optical Fourier transform. Especially in the frequency domain, the compensated time-stretch swept-source has achieved almost non-degraded (1 cm/dB) roll-off curve, which benefits the SS-OCT imaging depth range and sensitivity. For the time-lens based temporal focusing spectroscopy, compensated output dispersion enables 2-pm spectral resolution over 30-nm observation bandwidth with 20-MHz frame rate, which provides a powerful ultrafast spectroscopy for arbitrary signal waveform. Therefore, large pure temporal dispersion is essential for aberration free time-stretch applications.
Methods
Time-stretch. Time-stretch technology employs GVD to transform the spectrum of a broadband optical pulse into a time stretched temporal waveform, and it has been widely applied to wideband analog-to-digital conversion, high-throughput real-time spectroscopy and microscopy, e.g. serial time-encoded amplified microscopy (STEAM) [5, 8, 12] . The information was first encoded on the spectrum of the broadband pulse, and this spectrum is stretched by large GVD into a sufficiently slowed down temporal waveform, so it can be digitized and processed in real-time. Only consider up to β2 and β3, its frequency-to-time mapping relation can be simplified as:
where L is the length of the GVD medium. It is obvious that, the existence of the third-order dispersion resulted in the nonlinear mapping relation, and it will definitely result in aberrations for these time-stretch related applications. The OPC scheme introduced in this paper is capable of compensating this nonlinearity, and achieving pure temporal dispersion. E1 and E2 are known as the two continuous pump waves, with E3 being the signal wave, and E4 being the generated conjugate wave, which can be approximated by:
where n is the refractive index, L is the interaction length, and c is the speed of light. Considering the E1 and E2 have constant amplitude and frequency profile, the generated idler E4 is the complex conjugate of the signal E3, and this results in the reversal of phase property of the effect.
Besides, the conversion bandwidth and efficiency of the OPC process are also critical based on the phase matching condition:
where the parametric gain exists. To achieving better observation bandwidth and sensitivity, suitable pump wavelength and power, dispersion engineered nonlinear waveguide are highly desired in this work.
Roll-off measurement. The time-stretch swept-source was applied to a Michelson interferometer to implement the roll-off measurement, which is widely applied in the SS-OCT system [46] [47] [48] [49] . By scanning the axial position of the reference mirror, the beating frequency of the interference output also proportional changes simultaneously. Therefore, its mapping ratio reflects the chirped ratio of the swept-source, which is 2.67 ns/nm in our measurement.
Meanwhile, the peak power and bandwidth degradation of the beating frequency reflect the spectral linewidth and linearity of the swept-source respectively. In view of the broadening of the roll-off frequency, a digital calibration based on k-space resampling was applied here, and details see supplementary section III. Consequently, the roll-off slope was improved from 1-2 mm/dB to 4.3 mm/dB, as shown in Figs. 3(a) and 3(b), while the sensitivity was degraded due to the re-sampling process of the digital calibration. As a comparison, the pure temporal dispersion stretched swept-source provided quasi-linear frequency-to-time mapping, thus its roll-off curve was almost flat (10.1 mm/dB slope) without digital calibration.
PASTA configuration. The concept and implementation of the PASTA system was aligned with
Ref. [22, 45] , expect the output dispersion has been updated with this OPC introduced pure temporal dispersion, see supplementary Section V. The converging time-lens was implemented with the parametric FWM process in the highly-nonlinear fiber (HNLF), and its swept pump had the dispersion of 2.96 ns/nm. The conversion efficiency of the parametric process was -10 dB, with averaged pump power of 20 dBm. Filtered idler of the parametric process passed through the output dispersion, where the spectral resolution was quite sensitive to its higher-order dispersion. Detailed analysis of the higher-order dispersion in the pump dispersion and output dispersion is introduced in the supplementary (Section VI). Afterwards, the temporally resolved spectral pulses were acquired by the acquisition system with 33-GHz bandwidth. Alternatively, the ultrafast temporal pulses were also analyzed by the ASOPS system to pursue the finest spectral resolution (up to 2 pm, as shown in Fig. 4) , and the detailed configuration is introduced in the supplementary (Section VII). 
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Figure captions
Precisely length control between SMF and DCF can fully eliminate the third-order dispersion introduced quadratic temporal delay. 
Section I -Measurement of group delay dispersion
Group delay dispersion (GDD) is the derivative of the group delay with respect to the angular frequency, and in a given optical fiber, the GDD per unit length can be expressed as β2 in units of The anomalous dispersion without third-order dispersion is provided by the identical fibers with reversed position.
Section II -Temporal deviation induced aberrations for time-stretch microscopy
According to the pulse delay dispersion measurement, the third-order dispersion will induce the nonlinear frequency-to-time mapping, which results in the aberrations for the time-stretch spectroscopy and microscopy [S5,S6] . Among them, the aberrations of the microscope are easier to quantify through some recognized standard test targets, e.g. the 1951 USAF resolution target [S7] . Here, the spatial disperser of the time-stretch microscopy (space-to-frequency mapping) is configured identical as in Ref. [S8] , and it achieved the spectral resolution of 0.18 nm and the corresponding spatial resolution of 2.3 μm. The deviation of the quasi-linear space-to-frequency mapping process is also measured by the aforementioned pulse delay methods, and it is observed 
Section III -Digital calibration for the interference frequency
Due to the existence of the higher-order dispersion in the dispersive media, the dispersive time-stretch swept-source cannot achieve the precisely linear frequency-to-time mapping relation, which degraded the interference frequency with broadening bandwidth [S9] . Similar situation is also observed in the Fourier domain mode locking (FDML) based swept-source optical coherence tomography (SS-OCT), and results in degraded axial resolution [S10] . Therefore, a digital calibration process is usually required to retrieve the original frequency-to-time curve (black line) to the linear curve (red line), as the 1.5% deviation in Fig. S3(b) . Here, the digital calibration process, also known as the k-space resampling, is performed by an interferometer with fixed optical path difference, and a chirped inference pattern is first obtained as the black line in Fig. S3(a) [S11] . The phase of the chirped fringe can be retrieved by the Hilbert transform, and it can further retrieve the nonlinear frequency-to-time curve. Then the next step is to generate a non-equally-spaced time axis based on the nonlinear curve, and resample the original inference pattern to obtain the linear frequency-to-time mapping as the red line in Fig. S3(a) .
Finally, the retrieved inference pattern is processed by the fast Fourier transformation (FFT) to obtain the undistorted axial information. Leveraging this digital calibration process, much flattened roll-off curve is achieved compared with original curve, as shown in Figs. 3(a) and (b) of the manuscript. It is noted that, the k-space resampling method has some hypotheses, such as the highly stable pulse-to-pulse repeatability and the ideal analog-to-digital conversion (ADC)
process. However, in the practical application, the timing jitter of the pulse source and the limited quantization levels of the ADC process will degrade this calibration performance.
Compare the roll-off performance between the digital calibration and the OPC compensation, the digital calibration results in lower sensitivity in the deeper depth range (Figs. 3(b) and (c) of the manuscript). 
Section IV -Imaging depth enhancement for the OCT imaging system
The roll-off curve manifests the imaging characteristics of the SS-OCT system, including the resolution, the sensitivity, and the imaging depth [S12] . To demonstrate the SS-OCT imaging quality improvement introduced by the OPC based optical calibration, the cornea and iris of a fish eye is introduced as the sample, and its depth is adjusted by moving the position of the reference arm. Figures S4(a) and (b) are the direct Fourier transformation of the interference pattern, thus their resolution is degraded as the increasing the depth, as shown in Fig. 3(a) Besides the direct time-stretch based absorption spectroscopy, arbitrary waveform can be also resolved through the ultrafast dispersive time-stretch, with the help of a converging time-lens, and configured as the parametric spectro-temporal analyzer (PASTA) [S13] . In the conventional PASTA configuration, there are two stages FWM involved, and the first one is acted as a converging time-lens, whose focal GDD is determined by that of the pump dispersion (Dp) [S14] .
Since there are large dispersion involved (e.g. 2.96 ns/nm), to minimize the insertion loss of the system, the DCF with larger dispersion-to-loss ratio is preferable here than the SMF. Therefore, another stage FWM acted as an optical phase conjugator is applied, and the output dispersion can be also performed by the DCF, as shown in Fig. S5(a) . However, the conventional PASTA suffers from limited observation bandwidth (e.g. 5-10 nm), which is mainly due to the higher-order dispersion of the output dispersive fiber. Leveraging the pure temporal dispersion introduced in this paper, the OPC process makes the SMF and DCF accumulate their β2 and subtract their β3. In the improved PASTA system, this pure temporal dispersion scheme replaces the original output dispersion, as shown in Fig. S5(b 
Section VI -Effects of the third-order dispersion for pump and output dispersion
According to the aforementioned discussion, there are two spools of large temporal dispersion involved in the PASTA system, the pump dispersion (Dp, with the dispersion coefficient of β2p and β3p) and output dispersion (Do, with the dispersion coefficient of β2o and β3o), and the pump frequency ωp is regarded as the reference frequency ω0. The signal and idler frequency are ωs and ωi respectively, and to simplify the discussion, suppose ωp = ω0 = 0, thus ωi = -ωs. After the first parametric mixing with the swept pump, the frequency domain expression of the idler field can be approximated as: 
where Δωp is the bandwidth of the swept pump. The frequency domain transfer function of the output dispersion can be expressed as: ( ) 23 23 exp 22
Therefore, we can have the output field expression in the frequency domain:
and they can fully describe the degradation of the output field. To simplify the discussion, these four parameters are analyzed separately. Firstly, for the third-order term Φ'3, it is the accumulated third-order dispersion from the pump dispersion to the output dispersion, and results in an oscillating trailing edge for the output pulse (also affected by Δωp), see the central inset of the Fig. S6(a) [S15] . Secondly, for the second-order term Φ'2, it is the accumulated third-order dispersion, and results in the broadening for the output pulse. It is noted that, Φ'2 is an input frequency (ωs) dependent coefficient, as long as the third-order dispersion of the output dispersion (β3o) is uncompensated, also see the insets of the Fig. S6(a) . Thirdly, for the first-order term Φ'1, it is the temporal shift term, and determines the frequency-to-time mapping relation of the PASTA system. Ideally, the linear frequency-to-time mapping is performed by the term β3oLoωs, while the third-order dispersion (β3o) introduces nonlinearity here, as shown in Fig.   S6(a) , where the black pulse positions are not precisely aligned with the grids. Lastly, the zero-order term Φ'0 is a constant phase shift term, and it has no effects for the output pulse intensity. Leveraging the OPC scheme introduced in this paper, the third-order dispersion of the output dispersion is fully compensated (β3o = 0). As a result, the Φ'3 is roughly reduced by half, and the oscillating trailing edge would be smaller; the Φ'2 can be fully compensated to zero across the whole observation bandwidth, and maintains the output pulsewidth and resolution constant as shown in Fig. S6(b) ; the temporal shift term Φ'1 becomes fully linear, and enhance the spectral accuracy of the system. Therefore, this higher-order dispersion compensation scheme has greatly improved the PASTA performance, including the observation bandwidth, resolution, and accuracy.
Section VII -Dual optical frequency combs based asynchronous optical sampling (ASOPS)
To improve the resolution of the PASTA system, large acquisition bandwidth is highly desired; however, the state-of-art high-end real-time photodiode and ADC can only achieve around 100-GHz bandwidth, which is not enough to resolve those sub-picosecond pulses [S16,S17]. The pump-probe technology based on optical sampling provides an economical solution to resolve those ultrashort pulses, though its frame-rate is sacrificed. Here, dual optical frequency combs were introduced with slightly different repetition rates fr and fr + Δf, which resulted in pulse-to-pulse walk-off (Δt = Δf/fr 2 ) between two combs in time domain, and the time axis was scaled up by a factor of M = fr /Δf. As a result, the acquisition bandwidth requirement was thus reduced by the same factor. In general, the dual optical frequency combs were required to have stabilized carrier frequency as well as the repetition rate, especially for the interferometer, such as the dual-comb spectroscopy [S18] . Otherwise, the free running carrier frequencies would result in the frequency jitter. To simplify the requirement and avoid the locking of the carrier frequencies, directly extracting the intensity profile was carried out by a nonlinear optical sampling process, namely the nonlinear ASOPS process [S19] . In this paper, the ASOPS was performed based on the parametric FWM process, where the phase information was filtered out by the square law detection of the idler field. The repetition rates of the two frequency combs were 92.07 MHz and 92.074 MHz, respectively, and the magnification factor of M = 23000 was achieved here. In the time domain, different idler pulses carried the scanned envelope of the signal, presenting the sampling process. Moreover, owing to the low acquisition bandwidth requirement, improved sensitivity was also achieved.
